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diffraction. 
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jiiKtificution  for  utilizing  tin,'  tuc.hniciun  to  nsscss  mllllmotor  wave  communication  and  radar  systems  operating  in  many,  If  not 
all,  ocean  regions, 
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Summtry 


Th»  tvaportelon  duot  teitongly  Influancaa  low<aleltuda  ovar-tha  horizon  propagarion  nc 
mllUfflicar.  vavalangthi,  Raiulca  from  mora  chan  2000  houra  of  propagation  and  maceorologlcal 
naaauramanta  mada  at. 94  OHi  on  a  40,6  km  ovar-horlion,  ovafwatar  path  along  cha  sontl’iorn 
Oallfoenla  ooaat  ahew  that  tha  avaraga  raoalvad  poyat  wat  63  dB  greatar  than  expectad  for 
propagation  in  a  nonduotlng,  or  normal,  atmoiphara;  90  pareant  of  tha  maaauramanta  wore  ot  Innai:  .  .  .  / 

SS  dB  graatar  than  the  normal  atmoaphara.  for  / 

A  ntiiTiarlaal  modal  of  tranamiaalon  loaa  baaad  on  obsarvad  aurfaoa  mataorology  is  diacuesod  (ind  '  ‘ISllAi  » 
raaulta  are  ooitiparad  to  maaaurad  tranamisaion  loaa.  On  avaraga,  modeling  results  undorcstimnto  '  f4h 
tha  tranamiaalon  loaa  by  10  dB,  In  addition,  results  from  modallng  baaad  on  nn  indtpcnduui.  ,]ntnito4 
eltmatology  of  evaporation  duct  holghta  for  cha  area  era  ahovn  to  ba  adaquata  for  moat  propagation  *  * 

aaaaaimtnt  purpeaea.  Tha  rallablUty  and  reatonabla  aoeurnoy  of  tha  modal  ptovldn  n  strong 

Juatlfleatlon  for  utlliilng  tha  taohniqua  to  aaiaaa  mllllmatar  wave  conimunloacion  and  - -  ,  ^ 

ayatama  oparatlng  In  many,  if.  not  all,  ooaan  ragiona, 

LIST  Of -SYMBOLS 

S  Evaporation  duct  height  (m). 

Ad<,  Fotantial  rafrattlvity  dlffaranco  between  air  and  sea. 

R  Bulk  Rlohardaon'i  number, 

r  Emplrioal  proflla  aosffiolant. 


INTRODUOTZON 

Th(  evaporation  duot  la  o  nearly  parmanant  propagation  mar.hanlsiu  created  by  n  rapid  docronns 
of  noiatura  immadlataly  above  the  ooaan  turfaaa.  Air  adjaoant  to  tha  aurfaca  ia  uaturatecl  with 
water  vapor  and  rapidly  drlas  out  with  InoraAilng  height  until  an  ambiant  value  of  water  vapor 
oentant  la  raaehad,  which  la  dependant  on  general  mataorologloal  conditions.  The  noarl.y 
logarlthmle  daore'eia  in  vapor  praaaura  cauaaa  tha  rafraetlvlty  gradient  to  docreasn  fnstur  ilimi  > 
197  H/km,  which  la  a  trapping  condition.  The  height  at  which  dN/dz  aquali  -197  N/kni  is  deriiuul 
SB  the  evaporation  duct  height  and  ia  a  maasura  of  the  strength  of  the  duct,  Typical  duct  liitlghi.'i 
are  betwaan  a  few  maters  and  approximatoly  30  meters  with  a  world-average  value  of  13.6  iiinri.rs 
(I).  Beoauat  these  duota  are  vertically  thin,  strong  trapping  la  infrequently  observed  for 
(raqucnciaa  below  2  Otlr,  , 
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For  low-al '  Icude ,  over-water  applications,  tha  evaporation  duct  has  been  shown  tn  1,'n  a 
reliable  propagation  phenomena  chat  can  dramacteally  Increase  beyond- the -horlr.on  signal  level.s 
for  frequenolee  greater  than  2  OHz  (2) -(4),  Although  the  highoet  frequenoy  ropoctod  in  prnviovin 
work  ia  39  QHz,  tha  results  show  that  tha  magnitude  of  signal  anhanoement  (referenced  tn 
dlffraotlon)  inoreaaee  with  Increasing  frequenoy.  An  analysis  of  the  Aegnnn  Sou  mnnsnrenii’nr.a  KO 
ihowa  that  median  raooivad  signal  power  on  a  35-kra  poth  is  2,  19,  27,  and  30  dli  nhovo  dl  ffrari  Inn 
tor  frequencies' of  1,  3,  9.6,  and  IS  GHz  respectively ,  Received  signal  power  nt  35  Glli'.  on 
path  la  oonsiotently  30  to  49  dB  ahnve  diffraction  (4), 

Effects  of  evaporation  ducting  on  ovor-tho-hoclzon  signal  propagoclon  at  94  GHz  arc  protientud. 
Reaulea  from  mote  chan  2000  houra  of  RF  measureraonts  made  on  a  40,6  kni  path  along  the  snni.hcrn 
California  coaat  ace  analyzad  in  terms  of  path  loaa  (equivalent  to  transmlasion  lose)  which  la 
defined  as  the  ratio  of  tratiamletod  to  raoalvad  power  aeaumlng  loss -free  isotropic  antennas. 
Numarioal  propagation  modallng  results  based  en  measured  and  olimacologloal  surface  moteornlugy 
arc  compeared  to  meaeurad  path  loia,  Thaee  comparleona  are  good  and  the  results  strongly  support 
using  Che  propagation  modal  to  predict  the  performance  of  mllllmetor  wave  eyatoms  opotaclng  near 
tha  surface  in  all  ocean  regions, 

A  brief  review  of  the  evaporation  duct  model  and  the  propagation  mt’dai  used  in  this  annly.alM 
precedes  e  diecusaton  of  the  experiment  and  the  rasulee. 

Hodeli 


In  praotlee,  boundary- layer  theory  rolnr.aa  bulk  surface  meceorologioai  maiisurBinoiits  of  air 
tamperatura,  aaa  tempirature,  wind  speed,  and  humidity  to  tha  vortical  profile  of  refraccivity 
and  thus  the  evaporation  duct  height.  In  a  thermally  neutral  atmoaphere  where  the  air-sca 
temperature  dlffarenoe  is  0,  the  modified  refraotlvlty  pruflla  la  given  by 

M(t)  -  M(0)  -t  0,12S(z  .  (.ln(  (z  +  z,)/Zo)  )  (1) 

where  z  la  height  above  the  ocean,  S  la  evaporation  duot  hnlght,  and  Zg  is  a  length  charnocerizing 
boundary  roughneae.  For  a  thermally  non-neutral  atmosphere,  ateblllty  torma  ara  incorporated  into 
Eq.  (1)  (See  Jaake,  [3)).  Howevar,  for  common  departures  from  neutrality,  prnpagntlon 
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«vaporaelon  duet  height  le  eomnuead  ffnn  e.ii-f  v  observed  mateorelogy .  In  this  analyata, 

implemented  by  Hltney  [6]  with  thermal  atnhl  ll  rt  using  the  Jeaka  model  (3], [5)  ns 

j  ii.n«y  loj  witn  thermal  stability  modlllcatlona  ai.ggantcd  by  PauLus  [7], 

wirTln“le.'’s'trC  ^  '='>  Rf  monnuremcnt  rosults 

>1"  - en^ii^-orn-t,  tt* 

:=r«IvHS£SHi“"™ 

nunbet  of  linear  ..gm.nu  and  u../ 

ptopi|At«  wtch  ACtAnuation  rafcai  hAlaw  a  i  oompUx  modea  that 

Klrohhoff.Huygani  theory  In  t«ffli^of  Jf’'!*?*  ^V*’'"***  developed  from 

-  O.OOSlu*,  where  u  la  '«"lnd  .\«"d*  (“m/.Tl&twf*"*'  '  ■  •P-‘‘  -  “ 

For™\utVe7and*VErb?f  caloulatlons, 


■dg« 


1.32  +  0.0867>R/r.(0,75  •  id,) 


C2) 


RL":tdt;n-*.'nX/."'=and  ” u‘Vn‘\'m\'lr[e^'rrrrf “* 

rraVr'rh::or\rprtent^^^^^^^^^^^  'a^r^urr^on^^^^ 

refreotlvity  gredlent  (under  neutral  end  etable  eoLltione)  le  potential 


^  [  1./*  +  0.0867*R/r 

As 


10.60  +  0.52<R/r 


(3) 


MdSJee'  tl  '*Ad/AV*ll'AA'’5y?n‘a^  '^lodly  neutr.l  oondUtoni,  Eq  (3) 

refreotlvity  J?i!d*ent  el’^  *^ '  '  PoWnei'l  tafractlvlty  gradient  is  related  to  ^hi 

EHiss&TSi^rsH-i*-  . 

corresponding  to  wind  apeedi  of  0,0,  4,J.  g.c,  13. S.  and  19,2  kn«a  ’  ^ 


For  a  ona.way  tranimiailon  lyatem,  elgnel  power  at  the  receiver  ii 


P,  -  P,  +  0,  .  L  +  Q,  +  Oj 


I[ddIJirnal*g«!n*m.«"Il«SlJom'thi  *r"t lUrant"nnrXh.*Soln*t'li''th  " 

e^"d^td^'i‘?./'’rf•rouhe^•Ch^  -7 

path;  Lj,  la  the  product  of  a/tanuatlon ^  i  depend  on  geematry  of  the  tranomloslon 

dependency  on  the  r.freotlvlty  profila,  path  l.n,th‘\ud  aXn^aTolih^  ‘  complicated 

?  P«eh  lose  (L,)  at  a  frequency  of  94  OHs  la  ehown  in  FU 

totri*?a*th  iJ.f'i'i''  .”12“  J8o"dT)""‘  Vb*,orptlon'’122le?ln 

.”fir  rp“r*;r"2^?  50  in  ei^'^orS^t"  i"igrt  ;rrrrt.2rr"rrti“:i; 

rafarenDB  uVhb\  e  1®*  dB  •  ■  a  "gain"  of  6o  dB  oompated  to  the  diffraction 

r.2.  of  about  0  2  dB/UrbXd'Vo^X'^  ''*"  ‘"O”**"  ’^•ng*  «t  a  f.lrly  consistent 

The‘’VrMM\^c."\V\?o.“2.d\"^  ^  •  P'^*'  ••P«retlon  of  40.6  km, 

tr.n.mitt.r  and  raotiver  are  Iteide  of^he  du^t,” 

.  •  ‘“"emitter  at  3  m,  receiver  et  9.7  m,  and 

ua.d  to  repr.e.n*  abaocptlon-fre^  loi^^^  Uncfcd)  Is 


•van<ii»i}|(ne.  For.  duct  helghta  aUove  10  m,  path  loos  at  the  two  highest  wind  npoodo  nro  nt!iii  l.y 
equt]|,  Abuire,  IP  III,  path  losa  for  wind  speeds  greater  than  about  8  knots  are  nearly  equal.  In 
tljesVlllghly.  trappeil  oafles,  many  weakly  attenuated  inodes  are  found  end  the  aggregtito  nffoct  Is 
for  dohvsrgenoe  of  the  mode  auras  to  a  llmli-iiig  value.  At  9A  GHr,  the  limiting  vnUm  of  surfm'.i' 
roughness  appears  to  bo  a  bump  height  .  f  0.5  m. 

EQUIPMENT  DESCRIPTION 

A  AOif-kit  biraniffllsilcn  path  along  the  Southern  California  coast  was  chosen  and  InDtrumnnirul 
for  tha  fflaasutemanc  program,  Tha  path  la  shown  In  Fig.  S,  The  transmitter  antenna  was  locntcid 
S  m  above  mean  low  water  (mlw)  at  tha  Dal  Mar  Boat  Basin  facility  of  the  U.S,  Marina  Corps  Bare 
at  Camp.  Fandletou,  CA.  This  antenna,  a  horizontally  polarized  IJ-lnclvdlamatar  lens  with  n  0.  7" 
baanwl'dtli,  was-  oahtarad  along,  tha. path  at  an  alavaclon  angle  of  zero  degreos.  The  horizon  Is  9.2 
km  and  Is  ahovrh  aa  a  daahad  arc  In  Pl'g,  3. 

fha  reoaivar  itta  wai  at  the  woatitn  end  of  Sorlppa  Pier,  located  at  tha  University  o£ 
Callfotnla  at  San  Olego,  CA,  This  pier  extended  333  m  from  the  ahora,  whloh.  In  ell  but  the  worst 
storm* I,  plaoad  the  rtceiver  btyend  tha  aucf  zone  (chla  piar  hat  alnca  batn  torn  down  end  replaced 
by  a  new  atruoture)  Tha  recaUar  antenna  wai  located  9,7  m  above  mlw  (horizon  of  12,9  km)  and 
was  polntad.  towarda  tha  tranamltter  with  on  alavatlon  angle  of  zero  degrsaa. 

,^a  .Hr  tranamltcar  waa  alrallar  to  tha  raoelvar  whloh  la  ahown  In  Fig.  6.  An  k-fiand 
oaeUlii'teri  phaaa •  looked  , to  a  atable  lO'J-MHz  oryaeal  aouroa,  phuie-louKed  a  94-aHz  Sunn  diode. 
Approklmattly  2.3  d3m  of  cranamltter, powar  waa  generated  by  an  injeoclon'loakad  TMPATT  diode.  At 
the' reoelyar,  cHa  103-HHz  cryatal  tourca  waa  offset  from  the  tranamltter  cryttal  referanco  to 
gtneraca  an  IF  of  39.8  HHz  whloh  waa  monitored  by  a  apactrum  analyzer.  Although  the  controller 
oould  adjust  analyzar  funotiona  to  optimize  signal  detaotlon,  tha  analyzer  waa  typically  ant  lor 
a  fraquanoy  apan  of  181.7  KHz,  no  Inttgratlen.  and  with  video  and  reaolutlon  bandwldths  of  3  KHz. 
Signal  power.. and  fraquanoy  were  recorded  with  an  effaotlva  lample  time  of  3A0  mllllsecrnds . 

Syatem  "oonatanta"  (power  tronamlctad,  antenna  galne,  end  RF-to-lF  gain  of  the  reonlver)  i-.it’. 
listed  In  Table  1.  Total  path  lose  Ip  related  to  observed  reoalved  signal  power  aa  L  ••  157  -  P, , 
which  is  the  sum  of  the  system  ocnatsni s  minus  the  powar  reoalved  (eea  Eq.  A).  Minimum  dateotablo 
signal. power  at  tha  analyzer  was  «  <83  dBm,  which  oorreapondi  to  a  maximum  dotsctnblo  path  lo.ss 
of  ■  2A0  dB  (L  “  137  -  -BB).  Diffraction  Is  about  250  dB  for  tha  gnometry  of  the  path  (Sos  Fig. 
2).  therefore,  without  aveporellon  duotlng,  the  elgnal  should  bo  If)  dB  below  tho  rocolvor  nolso 
level  and  should  not  ba  datactuhla.  However,  the  expected  gain  of  about  60  dB  through  evnpnrntlDn 
duotlng, .leas  tha  axpaoted  molecular  abaurptlon  lost  of  about  30  dB,  places  the  signal  at  about 
220  dB  which  Is  datectabla  by  tha  raoelvar. 

Tha  dynamic  range  of  the  analyzer  wai  aufflelant  to  look  onto  and  track  the  signal  In  nil 
condlttona,  axeept  whan  chart  was  praolpltatlon  along  tha  path,  whloh  was  rare.  A  moderatn  rnln 
•hower,  uniform  along  Che  path,  could  Increase  path  loss  by  100  dB,  making  any  practical  recaptinn 
impoiaible.  At  a  rafert'pa,  the  baslo  free-space  Cranamlaalon  loss ,  (Asd/1)‘,  Is  16A  dll,  whnm 
d  la  tha  range  aopnratlon  and  X  Is  Llie  wavelength, 

Air  teraporntura I  tea  temperature,  relative  humidity,  wind  spood,  and  wind  dlrooClon  wnro 
recorded  at  Serlppe  Pier  In  eonjunecion  with  the  RF  monsuremonts .  Table  2  doscrlbos  Che  surfneo 
meteorologloal  aenters,  which  were  monitored  by  a  data  aoqulslclon  system  tAat  sampled  and  stored 
Che  data  every  10  icoondu. 

In  operation,  measurements  were  recorded  24  hours  per  day.  To  reduce  the  volume  of  data, 
■catlitloa  of  rms  and  standard  deviation  wart  locally  computed  Cor  10-mlnuce  Intervals. 
Appreximgttly  60  lamplee  of  aurface  meteorology  and  approximately  1000  samples  of  power  monUornd 
at  the  analyzer  were,  used  to  compute  those  statistics.  Tho  local  data  (statistics)  were 
nutomatloally  transferred  for  furthor  analysis  vie  modem  llnee  to  ooinpucurs  at  Naval  Oconn  .Synteras 
Center,  about  10  miles  south  of  the  receiver  site. 

Evaporation  duct  height  end  molecular  abaorption  were  computed  from  observed  rmt  v.nUina  cf 
surface  meteorology,  Absorption' free  path  Iota  waa  determined  by  a  look-up  prucoduro  into  a 
preoomputsd  two  dlnjenalonal  table  One  dimension  of  this  table  was  evaporation  duct  linlght  Crum 
0  ^0  20  m  in  l-m  Intervals;  the  ocher  dtmonaton  wes  rmi  bump  height  apeclflod  at  0  (siiinoth 
aurface),  0.23,  and  0,50  m, 

RESULTS 

MEA6UREKEHTS 

h.i.nuramonts  began  In  late  July  1986  and  continued  through  early  July  1987.  Eight  peilodn, 
tacaung  102  days  of  operations,  wore  oompleced  during  this  time.  Table  3  lists  the  time  psrloils 
in  which  moasuraments  wtrs  mads. 

One-way  Cransmlislon  path  data  wars  analyzed  by  oonparliig  observed  rms  path  loss  (transmission 
loia)  to  path  loaa  oomputad  for  both  evaporation  duot  height  and  rms  bump  height,  which  were 
ealoulatad  from  aurfaoi  moceorologioal  quantities  measurad  at  the  receiver  alts.  Absorption- 
free  path  loss  ealoulatad  by  MLAYER  wee  modified  by  adding  molaoulsr  absorption  loss  calculated 
from  aurfate  mateorelogy  (referano*  [17])  In  order  to  oompara  It  to  observed  total  path  loss 
MelaeUlar-  absorption  lose  during  tha  antlra  measurement  program  averaged  approxlmataly  30  <1B. 

Figure  7  ahewt  tha  tlme-aarlaa  of  aurfaoe  mstsorology,  maaturad  path  loaa,  and  predlotsd  path 
loss  for  a  rsprasentatlva  maaiurtmant  period,  Figure  7(a)  la  a  cima-earles  plot  of  measured  air 
tsraparatura  (0),  relative  humidity  (l) ,  and  wind  speed  (knots).  Alto  Included  In  this  figure  la 
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tha  fiomputad  nolacular  absorption  (dB) ,  labeled  as  a.  The  time  shovn  an  the  abscissa  la  plntced 
In  local  time;  hour  00  is  associated  with  the  tlo  mark  sbova  the  flrat  character  In  the  day  label. 
Osps  In  tha  date  (around  August  8)  were  due  to  software  and  hardware  failures  chat  werr-  (senunlly 
corrected. 

In  this  period,  relative  huitldlty  was  nearly  always  greater  than  90  »  nnd  (icror«|i/in  1  ed  with 
light  wlnda  .  Sen  temperature  was  fairly  con.etant  nt  about  ?0  degrees  Celflue.  I’igurri  J  rh)  .'ilinw.’; 
the  alr-srs  tenperoture  dlfferonco  and  the  calculated  evapuratlon  duot  Diurnal  changes 
of  about  3  dagraa  Calalua  In  air  tamparatura  are  obaarvad  aarly  in  this  parled  stio  become  Use 
pronounced  later,  Wind  direction,  Pig.  7(o) ,  shows  aome  land-ssa  breasc  afCaots  up  until  about 
Auguit  4th  whan  tha  braasa  baointa  fairly  centeant  from  tha  northwef,  Pig.  Ka)  shows  the 
obaatvad  and  pradlctad  path  loit,  Pradlctad  path  loat  la  darlvad  f.dg  .<],  ’<  y,  the  ealculatad 
abiorptlon  to  tha  path  loat  ealoulatad  for  tha  tvaporaClon  duct  halg  *  '  a  point-hy.  puint  basis. 
Conaldarlng  that  tha  propagation  nodal  aasuinaB  spatial  and  tamporal  he  unalty  aleng  tha  entire 
40.6  kin  path,  tha  clnt-iarlai  agratnant  bttwaan  tha  obsarvsd  and  pradlctad  p  th  lose  U 
rainarkabla . 

With  no  evaporation  dueling,  tha  astlnsted  path  lots  la  tha  auit  of  the  diffraction  path  loss 
and  tha  nclauular  abiorptlon.  Tha  diffraction  loat  for  tha  path  gaonetty  la  7.80  dB;  tha  overage 
tnolaoular  abaorptlon  loaa  It  aaan  to  ba  about  33  dB  (Fig.  7(a));  tharafera  tha  satlmated  path 
loia  with  no  evaporation  ducting  ti  about  263  dB.  From  Fig.  7(d),  the  average  obuarvad  path  lo.ss 
Is  about  225  dB,  which  Is  60  dB  Isii  than  what  la  axpaotad  using  normal  ct  4/3  aarth  propagation 
pradlotlon  modtla,  Howsvar,  tha  obtarvad  path  lost  la  about  60  dB  greater  than  tha  fras-spsca 
level  (164  dB)  which  naana  that  radar  applloatloni  are  unlikely  unlaas  tha  target  haa  «  large 
radar  arois>atotlan, 

ALL  MEAStmSMBNT  FEKI0S8  COHBINBO 

Tha  crucial  paramatar  that  rilacai  path  loas  to  aurfaoa  matsorologlcal  condltlnns  Is 
evaporation  duct  height,  A  scatter  plot  of  dlCfarance  between  obierved  snd  predicted  path  loss 
In  ralttlon  to  calculated  duct  height  la  shown  In  Fig.  8.  All  102  days  of  obaarvaclona,  mere  than 
12,000  data  points,  sra  Included,  Pradlctad  path  lose,  on  averaga,  undereatlmataa  obtarvad  path 
loaa  by  approximately  10  dB  and,  In  tha  axcrinas,  underattlmataa  by  nearly  40  dB  and  ovsraaclmata.s 
by  22  dB.  A  trend  line,  nomputad  from  a  hlttograni  of  ncatter,  Indlcataa  median  error.  The  trend 
li  for  error  to  Inaraasa  with  duct  height  up  to  halghta  of  about  5  n;  median  error  la  ralatlvoly 
fire  for  higher  duot  halghta. 

Wind  apaad  atrongly  affaoti  both  evaporation  duot  height  and  surface  roughness.  Hlghar  winds 
ganarally  Incrtaia  duct  hnlght  snd  Inoreana  attenuation  dua  to  roughnoas  .  A  scotter  plot  of 
error  In  path  loaa  with  relation  to  wind  ipeed  la  ahovm  In  Fig.  9.  A  trend  line  Indlcatris  chat 
median  trrer  li  about  2.3  dB  fnr  winds  lass  than  1  knot  and  Inoreaiaa  to  *  14  dB  at  about  5  knoLs. 
For  winds  grsatar  than  about  5  knots,  error  remslna  nearly  eonatant  at  about  14  dB,  tt  Is 
tempting  to  reduce  the  error  bias  by  modifying  rma  bump  height  beceuae  the  aurt'acn  roughnoiia 
formulation  In  HlAYEIl  la  one  of  the  largest  uncertalntlea  at  irillliaoter  waveUngcha.  Ilownvnr, 
tha  meeauramant  program  wa.s  dralgncd  to  teat  for  grots  anvltonmental  effects;  a  modlClcntlon  to 
rms  bump  height  or  surface  roughnass  formulation  cannot  be  Juatlfled  from  this  diitn 

CLIMATOLOGY 


A  compatlaon  of  obtarvad  abaorptlon- free  path  lose  to  predictions  dtclved  from  a  suparnte 
ollmatnlogy  of  avapotatlon  duot  halghta  [1]  llluscrataa  an  appll  stlon  of  the  propagation  modol 
to  the  aaaaaamant  nf  a  mlllimsttr  wave  ayaeam.  Tha  ovaporatlon  uot  tllmatology  la  baaed  on  l.'i 
ytara  of  aurfaoa  mataorologloal  obaarvaclona  (normally  taken  .'  ahlpa  at  aoa)  from  which  the 
distribution  of  avaporation  duct  halghta  ware  oomputad.  All  ocean  sreaa  ware  analyced  In  10'’  x 
10"  grids  (Haradsn  Squsraa).  For  the  San  Diego  off-ahora  area,  tha  evaporation  duct  height 
frequency  distribution.  Fig.  16,  shows  a  peak  for  duot  heights  beewaen  6  and  10  m.  Duct  holghta 
grtatar  chan  20  m  are  Infraquant.  Combl.ilng  chit  dlatrlbutlon  with  the  results  shown  In  Fig.  4 
(0.25  n  bump  height),  glvea  an  aeoumulated  fraquanoy  dlatrlbutlon  which  la  shown  aa  n  solid  line 
In  Fig.  11,  Obtarvad  abaorptlon-fraa  path  loaa  la  ploCtad  on  tha  tame  figure  aa  a  dotted  lino, 
Fret  apaoa  and  dlffraotion  fields  are  rafaranoad.  Although  tha  prodloted  path  loot  dlatrlbutlon 
conalatantly  undereatlmataa  tha  obtarvad,  It  la  clearly  i  batter  predletor  compared  to  aeauinlng 
a  normal  atmoaphara  rapraiantatlon  of  tha  tnvlroniaant.  In  the  worst  oaio.  It  la  only  tome  10  dB 
lata  than  obsarvad,  wharaaa  tha  dlffaranoo  la  about  4  dB  at  the  50  paroant  level.  The  observed 
path  lo.sB  raduetlon  from  diffraction  axceedi  63  dB  half  of  the  time,  90  percent  of  the  time  the 
taduotlon  axcaadt  53  dB.  Both  pridlocad  and  obiarvad  dittrlbutlons  ahew  that  path  lose  la  43  dB 
last  than  tht  diffraction  rataranca  100  percent  of  the  time  (tha  ocourrence  of  rein  was  negligible 
during  the  waaauramanta) , 

OONOLUBIONS 

Low  altitude  propagation  of  mllllmatir  wavea  at  ranges  beyond  the  radio  horleon  la  strongly 
Influenoad  by  the  evaporation  duot;  for  tha  propagatlun  path  uaod,  racelvad  power  lavals  are  on 
the  order  of  30  to  100  dB  greater  than  ths  power  levali  expected  for  propagation  through  a 
nonduotlng  or  normal  atmoaphara. 

A  alngle-tcatlon  maaauramant  of  aurfaoo  macaorology  la  adaquata  to  analyee  inlUlmecer  wave 
propagation  ovar  tha  ocean.  On  a  potnt-by-polnt  oomparleon,  modallng  typically  underoei: Iraatns 
obiarvatlona  by  about  10  dB:  tha  error  la  probably  dua  to  Inoomplata  oonalderatlons  of  both 
horltontal  hatareganalty  and  aurfaoa  rouglinaaa  effaect,  Dl>'.^ut  aenalng  of  the  environment  on  the 
acsla  of  kllomatars  in  Che  horizontal  and  maters  In  tha  vertical  Is  Impractical,  however, 
planetary  boundary  layer  models  and  remote  sanalng  Csohnlques  may.  in  the  future,  offer 


cons Idoroblfi  ImproVvjiniSnt  r.o  Lho  prapngntton  annlynlfi.  Tha  I  rranlntloii  nf  .luvf rniip.hn.:;:.  In 
rhn  propnga  r.  I.nn  inof'il  la  n’ln  iii'o./t  t.lwu  ia  acil\'iilv  boliip,  (ii'il  fni’  n  cmM'-  ■nnipli-!' 

undcracnndinp, 

III  aiuiiiniu'y  ,  I.I11.1  Lru:  rn/i  fin  in  L’ct^n  1  Vi'il  .qi^liaL  Lrenijl:!!  Lo  tlly  pi.‘Ost:HCO  ul  Lllti  n^apuj  iiUlini 

duct  h«i  been  realistically  modeled  and  provides  an  accurate  estlmato  of  actual  milllinotcr  uavt 
i.yetem  performanae,  The  elgnlfleant  systani  "gain"  duo  to  ovnporntlon  ducting  Lh  clc/uly  .in 
Important  consideration  In  the  design  atogoa  of  moderate  range,  ovot-wator  mil  1  linn l.iu'  wave 
■yitams. 
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Tabla  1  RK  Syatam  Constants 


('omponont 

Value 

Tr<iu.‘iiiiil.i-ta‘  power 

ji 

ilhin 

Tmnsmletar  anCennn  gnln 

hi 

dBl 

Rocaj.ver  anconna 

hi 

dBL 

Recoivsr  nF*to-tF  gain 

40 

dB 

Tablt  2  Surfftca  KeteorologlcAl  Sonsora 


Sanior 

Type 

Accuracy 

ReiaponRo 

Atr  tamparatura 

Platinum  RTD 

0.1  deg  c 

10  aet 

Saa  tcmparatuca 

Platinum  RTD 

0 . 1  dog  C 

30  800 

Ralatlva  humidity 

Cryatalllto  flbot 

6  « 

60  Run 

Wind  ipaod 

Cup 

1  \ 

)  .  f)  m 

Wind  dli'ar.tlon 

Vana 

1  dog 

1 ,  1  m 

Tabla  3  Dates  of  MoAHuromontn 


Start 

Knd 

July  29,  1986 

Auguac  10 

Saptombnr  2.  1986 

Saptambor  11 

October  7,  1986 

Occobor  20 

Novombar  18,  1936 

Novoraber  23 

Dacambar  .  1986 

nacBitbor  23 

January  13,  1987 

January  30 

May  h,  1987 

May  14 

Juno  30,  1987 

July  b 

PATHL03S{«IB} 


OUCTN5IOHT 


Fl(j,  1,  i'‘vnporntlon  duct  profiles  for  .Uiot  hoJghtj  Cvom  0 
(normsl)  to  20  m  Iti  ?.  ni  Itioromontd .  Suvlocu  modlfleil 
rafvnr.tlvlt'.y  Is  roforonend  to  0  M-unli'..M, 


Fig,  2.  Absorption- frnn  pnth  '.nsj  v«  roupo  foi  tvopui-dtlou 
duct  bolghCB  of  0  (norinnl),  2,  A,  fi,  nm)  B  in.  Ciliornnl  imuU' 
sumnntlon  nnd  sitiooth  surfnro. 


PATH  LOSS  (A) 
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Fig.  3.  Abiolfpelon*ftea  path  lo«*  (Incoharant)  for  a 
Crananlttet  at  5  tn,  tango  aaparatlon  of  40,6  km,  nncl  n  anooth 
■urfaca.  Th«  curvaa  are  labeled  with  the  duct  height, 


CURVE 

BUMP 

HEIGHT 

(ffl) 

WIND 

SPEED 

(knot) 

0.00 

0 

D 

0.09B 

4.3 

0.100 

B.B 

A 

D.2B0 

13.6 

— o— 

O.BOO 

19.2 

Fig.  4.  Effacta  of  aurface  roughneaa  at  94  GHx. 
Tranamltter  at  i  n,  receiver  at  9.7  m,  and  ronge  aeparaclon 
of  40,6  km.  The  rma  bump  height,  nxprasalng  the  aurface 
roughneaa,  la  derived  from  Klrchoff-Huygena  Theory  (aee 
Ament,  1933;  Phllllpa,  1966). 
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Fi^,  7a.  Air  r.omporat;ur''. ,  rf'lailvi> 
humlcUty,  and  wind  speed  inoasured 

At  Sorlppa  Flr>r.  Molecular  absorption 
at  9^  CH*  calculated  from  surface 
meteocologlcal  measuramants. 
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Klg.  7b.  AJt-sea  tomp^rrtture 
dlffaranr.B  ac  Sorlppa  Plar  nnd 
calculatad  c^vApotAtion  duct 
height. 
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Fig.  7d.  Measured  path  loss  (clottod) 
and  predicted  path  loss  (solid) . 


Fig.  7.  Meteorological  and  radio  data  recorded  In  the 
maaeurament  period  from  July  29  to  Auguet  10,  1986. 

Predicted  path  loas,  shown  as  the  solid  curve  In  Fig.  7d, 
tends  to  undereat Iroata  tha  meaaurad  path  loas  {dotted  curve) 

by  10  dB. 


40 


Fig.  10.  CUmucologloal  evapoiraclon  ducc  halghe 
cllltrlbucloti  for  the  San  Diego  off-ihort  eree. 


Fig.  11.  Abaorpclcn-frae  path  loai  dlitrlbutlon  predicted 
from  the  dletrlbutlon  In  Fig.  10  oospated  Co  Che  neeaured 
(dotted  curve).  Total  path  loai  can  be  approxinated  by 
reading  the  deelred  percentage  and  adding  30  dB  (average 
abeorptlon  loia)  to  the  cocreapondlng  abielata  coordinate. 


oxBousaioN 


M.  LBVy 

Does  diffuaa  raflaatlon  from  tha  rough  aaa  aurfaoa  aontrlbuta  to  trananlaalon  loaa?  la 
It  modeled?  It  might  explain  the  diaorapanoy  batvean  naaaurananta  and  pradlotlohi 

AUTHOR'S  RnPIiV 

We  preaantly  modal  aaa  aurfaoa  roughnaaa  affaota  by  almpla  modifloatlon  of  the  raflao- 
tlon  ooeffloient.  A  rlgoroua  approach  ia  being  inoorporatad  into  our  treatment  ualng 
the  parobolic  aquation  approximation. 

J.  BACH  ANDBR8KM 

Do  you  asauma  horizontal  homoganaity  of  tha  duot,  and  oould  daviationa  explain  tha 
observed  path  loaa? 

AUTHOR'S  RBPLV 

Ves,  horizontal  homogeneity  ia  aaeumad  and  this  la  olearly  not  always  oorraot.  Spatial 
and  temporal  variations  over  the  path  maybe  a  major  factor  in  explaining  the  dlffaranoaa 
between  the  observed  and  predioted  path  loss.  Kowavar,  our  preasnt  modeling  axplaina 
the  aodfi  signal  anha*  :ement  above  what  (me  would  expect  under  standard  atmospharlo 
conditions  and  seems  to  be  a  satisfactory  first  order  approximation. 

J.  RIOHTBR  (COMMBNT) 

In  response  to  Profesnor  Bach  Andersen 'a  quaatlon,  horizontal  inhomogsnalty  of  duotlng 
conditions  along  the  path  may  certainly  be  one  of  tha  reasons  for  diaorapanolea  betwaon 
calculated  and  measured  field  strength  values.  Ducting  paramstars  wars  maasursd  only  at 
one  end  of  the  propagation  path  and  horiaontsl  homogeneity  wee  aaaumed  along  tha  path. 

D.  H6HN 

Are  almilar  effects  possible  over  land,  under  epeoiflo  eonditlona,  Ilka  malting  snow, 
after  rain,  etc? 

AUTHOR'S  REPLY  ' 

In  my  opinion,  it  ie  unlikely  to  sea  similar  effeota  over  land.  The  aurfaoa  would  hava 
to  be  relatively  smooth  over  ranges  of  tens  of  kilometers  and  provide  an  unlimited 
moisture  source. 


